We investigate the effects of mass loss during the main-sequence (MS) and post-MS phases on the final black hole (BH) masses of massive stars. We compute solar metallicity Geneva stellar evolution models of an 85 M star with mass-loss rate (Ṁ ) prescriptions for MS and post-MS phases. Such models could lead to massive BHs such as the recently detected 70 M BH in the LB-1 system. Based on the observational constraints forṀ of luminous stars, we discuss two possible scenarios that could produce such a massive BH at high metallicity. First, if the progenitor of LB-1 evolved from the observed population of WNh stars, we show that its average mass loss rate during its post-MS evolution was less than 1 × 10 −5 M yr −1 . However, this is lower than the typical observed mass-loss rates of LBVs. A second possibility is that the progenitor evolved from a yet undetected population of 80-85 M stars with strong surface magnetic fields, which could quench mass loss during the MS evolution. In this case, the average mass-loss rate during the post-MS luminous blue variable (LBV) phase has to be less than 5 × 10 −5 M yr −1 . This value is still low, considering that LBVs such as AG Carinae typically have average mass-loss rates from quiescent stellar winds close or above this level. LBVs directly collapsing to massive BHs are apparently at odds with the evidence that LBVs are the direct progenitors of some supernovae (SNe). To reconcile this, we suggest that LBVs from single stars (or mergers that fully mixed) have large cores and form BHs, while binary LBVs may have smaller cores and larger envelopes (either mergers or mass gainers that do not fully mix) and could produce a SN.
INTRODUCTION
Massive stars have a key impact throughout the history of the Universe, being the main contributors to the emission of ionizing photons, energy and production of some chemical elements. The majority of massive stars leave a neutron star (NS) or black hole (BH) as compact remnant (e.g. Maeder & Meynet 2000a; Langer 2012) , which can be observed with electromagnetic radiation (e.g. Casares & Jonker 2014) and gravitational waves (e.g. Abbott et al. 2016) . The most massive stars may be affected by the pair-creation instability, which can produce either pulsations and strong mass loss that still leaves a BH remnant, or a total disruption of the star in a pair-instability supernova with no remnant left (e. g. Woosley 2017) . The mass of the Carbon-Oxygen core (M CO-core ) at the end of the evolution is thought to be one of the key parameters that set the final fate of a massive star (e.g. Heger et al. 2000 Heger et al. , 2003 Woosley 2017) .
Observational evidence of BH detections suggest a maximum BH mass of around 30 M at solar metallicity (e.g. Abbott et al. 2016; Zampieri & Roberts 2009; Belczynski et al. 2010; Spera et al. 2015; Belczynski et al. 2016) . Stellar evolution models of single stars also predict a maximum black hole mass of ∼ 20 − −30 M at solar metallicity (e.g. Groh et al. 2019 ) when usual as-arXiv:1912.00994v1 [astro-ph.SR] 2 Dec 2019 sumptions are made regarding mass loss, rotation, and convective core properties.
However, a much more massive BH has recently been detected orbiting a B-type star in the outskirts of the Milky Way (Liu et al. 2019 ). The LB-1 system consists of a BH with a mass of 68 +13 −11 M and a B3V star with mass of 8 +1.2 −0.9 M and an orbital period of P orb = 78.9±0.3 d. The B-type star has Si and Mg abundances consistent with solar values. To explain such a surprisingly massive BH at solar metallicity, Belczynski et al. (2019) proposed a reduction of stellar wind massloss rates by a factor of 3 -5 throughout the entire evolution. These authors can explain the mass of the BH in LB-1 with a non-rotating star with initial mass 85 M with such reduced mass-loss rates if the progenitor directly collapses to a BH without losing significant mass in the process. In this case, the progenitor would have M CO-core = 27.6 M and narrowly avoid pulsational pair-instability, which is thought to occur for CO cores in the range M CO-core = 28 − 54 M (Woosley 2017) . However, the Roche-lobe radius of the BH is around 200 R and this star would expand to a radius of ∼ 350 R , larger than the binary orbit, during the evolution. Belczynski et al. (2019) also discuss the effects of rotation on the progenitor core properties.
In this Letter, we investigate the available observational data for luminous massive stars in the upper part of the Hertzsprung-Russell (HR) diagram in which the LB-1 BH progenitor would evolve. We then compute numerical stellar evolution models with the Geneva code to study the mass budget of progenitors of massive BHs.
Our results indicate that the uncertain mass loss by luminous blue variable stars (LBVs) has a key impact in the black hole mass function.
HOW MUCH CAN MASS LOSS BE REDUCED BASED ON OBSERVATIONS?
The progenitor of the LB-1 BH evolved from a star that had an initial mass of around 85 M , or acquired a similar mass at some point during its evolution by interacting with a companion (Belczynski et al. 2019) . Stellar evolution models indicate that stars more massive than 85 M have luminosities log L /L 6.1 (Ekström et al. 2012) . Therefore, in this section, we focus on observational constraints for mass loss in these very luminous stars (see Smith 2014 for a broader review of mass loss in massive stars).
MS stars at these luminosities are predominantly observed with emission-line spectra of the WNh sub-type, typically withṀ 5 × 10 −6 M yr −1 derived using detailed spectroscopic modelling (Martins et al. 2008; Martins & Palacios 2013; Crowther et al. 2010; Smith Figure 1 . Mass-loss rates of luminous stars derived from observations of WNh, and LBV stars. The data was compiled from Martins et al. (2007 Martins et al. ( , 2008 , Clark et al. (2012b) , Smith (2014) and references therein. We also overplot our Geneva stellar evolution models for different MS and post-MS massloss rate prescriptions (solid lines). The labels indicate the values of fMSandṀLBVof our models. 2014). These observed mass-loss rates are broadly in agreement the theoretical prescription from Vink et al. (2001) . An example is NGC3603-A1b, for which the derivedṀ from CMFGEN spectroscopic modelling is actually slightly higher than the theoretical Vink et al. (2001) prescription (Crowther et al. 2010 ). Further support for the relatively high mass-loss rates of MS stars is provided by theoretical work on their spectral morphologies. Lower mass-loss rates would lead to O-type absorption line spectra, which is inconsistent with the morphology of luminous WNh stars (Crowther et al. 2010; Martins & Palacios 2017) . In addition, Vink & Gräfener (2012) derived a theoretical framework for a mass-loss rate that characterizes the transition between optically-thin and optically-thick winds. Such a transition is aroundṀ ∼ 10 −5 M yr −1 at solar metallicity. Lastly, there is no evidence that WNh stars have strong magnetic fields to confine the wind and reduce the effective mass-loss rate, as has been proposed for lower-mass and less luminous O-type magnetic stars (Petit et al. 2017; Keszthelyi et al. 2019) . In fact, because WNh are characterized by strong mass loss, they seem to be incompatible with strong magnetic quenching of mass loss. Based on this observational evidence, we do not see room for an outright reduction of mass-loss rates by factors of 3-5 during Hydrogen burning for 85 M stars, unless the progenitor of the LB-1 BH evolved from a Table 1 . Summary of stellar evolution models with an initial mass of 85M and different mass loss rates during core H burning and the LBV phase. We list the mass loss scaling factor applied during core H burning (fMS), the constant mass loss rate applied during the post-MS evolution (ṀLBV), the mass lost (in M ) during the MS evolution, the mass lost during the post-MS evolution and the total stellar mass at the end of the evolution (M final ) At lower temperatures, the upper HR diagram for stars with log L /L 6.0 is dominated by LBVs and blue hypergiants. These stars have spectra characterized by P-Cyg profiles and emission lines, which indicate highṀ . Detailed spectroscopic analyses using the radiative transfer code CMFGEN have shown that luminous LBVs do indeed have typical mass-loss rates ofṀ > 10 −5 M /yr (Groh et al. 2009 (Groh et al. , 2011 Clark et al. 2012b) . For example, the prototypical LBV AG Carinae, which is in the luminosity range through which the progenitor of the LB-1 BH evolved, has a current mass around 60-70 M (Groh et al. 2011 ) and a quiescent stellar-wind mass loss that varies betweeṅ M 1.5 × 10 −5 and ∼ 1.0 × 10 −4 M yr −1 (Groh et al. 2009; Stahl et al. 2001 ). Thus, usingṀ < 10 −5 M yr −1 would be inconsistent with the LBV observations. In addition, LBVs also show eruptive mass loss episodes (Smith & Owocki 2006) , which would add to the total amount of mass lost by an LBV. Because the frequency of LBV eruptions and the mass lost per eruption are unknown, stellar evolution models have to rely on average mass-loss rates of LBVs.
GENEVA STELLAR EVOLUTION MODELS FOR DIFFERENT LBV MASS-LOSS RATES
Based on these observational constraints for minimum mass-loss rates during for Hydrogen-burning stars and LBVs, we compute numerical stellar evolution models with an initial mass of 85 M using the Geneva code. A star with an initial mass of 85 M could lead to massive BHs such as the one in LB-1, producing final CO core masses just below the pulsational pair-instability regime (Belczynski et al. 2019) .
We summarize our main assumptions below and refer the reader to Ekström et al. (2012) and Georgy et al. (2013) for further details on the Geneva code. Our models have solar metallicity (Z = 0.014), with solar abundances values from Asplund et al. (2009) . To isolate the effect of mass loss on the evolution final masses of massive stars, we focus on non-rotating models only. As a consequence, we avoid the two main feedback effects of rotation on mass loss. Firstly, rotating models are more luminous than a single star model of same initial mass, which in turn leads to higher values ofṀ . Secondly, high rotation may produce rotationally-induced mass loss, although the magnitude of such effect is under debate (Maeder & Meynet 2000b; Müller & Vink 2014) . We terminate the stellar evolution models at the end of core He or Carbon burning, depending on numerical convergence issues.
Our models use the Vink et al. (2001) prescription foṙ M for the core Hydrogen burning phase, which we define here as when the central H abundance is greater than 10 −4 . We compute several models with the Vink et al. (2001) prescription scaled by factors of f MS = 1.0, 0.3, and 0.0. Models with f MS = 1.0 would roughly match the mass-loss rates in the observed WNh population, while f MS = 0.3 and 0.0 mimic the quenching of massloss by magnetic fields. We suppress the 10x increase iṅ M that is included in the Vink et al. (2001) prescription when the star crosses the bi-stability jump. Instead, we reduce the jump inṀ to prevent strong mass loss at the end of the MS that would dominate the mass budget, as included in e.g. Ekström et al. (2012) .
For the post-MS phase, we switch to an average LBV mass loss (Ṁ LBV ) when T eff 15000 K. The exact value of T eff at which we switch prescriptions has little impact on the total mass lost. We compute models foṙ M LBV = 1.0, 2.5, 5.0, and 10.0 × 10 −5 M yr −1 . Values ofṀ LBV much greater than 10 −4 M yr −1 would remove the entire H envelope and produce a Wolf-Rayet star with a final mass of around 20 M (Groh et al. 2013) . Figure 2 shows our evolutionary tracks in the HR diagram. The model with f MS = 0.3 (blue) has a higher luminosity than the model with f MS = 1.0 (orange) at all times due to its higher mass. Both models evolve through the region of the HR diagram where WNh stars are observed. During the post-MS, the models are spectroscopically similar to LBVs (Groh et al. 2014) due to the high value ofṀ . This is expected to occur as the star evolves and becomes closer to the Eddington limit. If the mass-loss rates are low enough, the star retains its H envelope and remains as an LBV until the end of its evolution. Figure 3 presents the evolution of the total stellar mass a function of normalized age for our models with different MS and post-MS mass loss prescriptions. For now we focus on the 85 M models with no convective core overshooting. Table 1 summarizes the mass lost by our models in different evolutionary phases.
THE FINAL MASS OF MASSIVE STARS
Models with f MS = 1.0 correspond to the evolution predicted based on the mass-loss rates of the observed population of WNh stars in the Milky Way. These models reach the end of the MS with a mass of 68.6 M , losing 16.4 M . This makes it difficult to explain the mass of the 68 M BH in LB-1. The star would need to lose mass during the post-MS LBV phase at an average rate ofṀ LBV = 1.0 × 10 −5 M yr −1 to finish its evolution as a 65 M BH, assuming no mass loss during fallback. This time-averaged LBV mass-loss rate is much lower than the observational constraints we discussed earlier (Fig. 1) . For more realistic values oḟ M LBV = 5.0×10 −5 M yr −1 and 1.0×10 −4 M yr −1 , the star would produce a 52 M and 42 M BH respectively. These masses are still relatively massive BHs compared to those detected by LIGO gravitational wave observations (Abbott et al. 2019 ), but lower in mass than the BH in LB-1. Our models indicate that the uncertain LBV mass loss leads to a wide range of final BH masses. We conclude that if the LB-1 BH progenitor evolved as a massive star similar to observed population of WNh stars, it managed to lose mass at a much lower rate than those of observed luminous post-MS stars. However, if stars can avoid losing a large amount of mass during pulsations due to pair instability (Belczynski et al. 2019) , it is possible for a ∼ 100M star to have mass loss rates more similar to the observed luminous post-MS and still produce a ∼ 70M BH.
The model with f MS = 0.3 finishes the MS with a mass of 78.6 M , losing 6.4 M . Not surprisingly, this is similar to the MS mass loss in the model presented by Belczynski et al. (2019) , as they scale the mass-loss rates by a factor of f MS = 0.333. Based on the avail-ableṀ constraints of massive MS stars in this mass range, this model would correspond to the evolution of an unseen population of massive stars with relatively weak winds at high luminosity. They could correspond to strongly-magnetized ∼ 85 M stars, which would have their mass-loss rate quenched in a similar fashion as proposed for magnetic O-type stars (Petit et al. 2017; Keszthelyi et al. 2019) .
Regardless of the MS evolution, mass loss during the post-MS evolution, possibly as an LBV, has strong impact on the BH mass. Depending onṀ LBV , these models with f MS = 0.3 finish their evolution with a final mass of 75.3, 70.7, 64.4 and 52 .0 M for mass loss rates ofṀ LBV = 1.0, 2.5, 5.0, and 10.0 × 10 −5 M yr −1 respectively (see Table 1 ).
Under our assumption for the structure of the radiative envelope, the envelope is extended, as in to other numerical stellar evolution models (Choi et al. 2016, e.g.) . This means that our models do not solve the issue raised by Liu et al. (2019) and Belczynski et al. (2019) that the stellar radius of the progenitor of LB-1 BH becomes larger than the size of the orbit. This can potentially be solved by accounting for a porous, structured radiative envelope which could potentially have a lower effective opacity (Owocki et al. 2004 ). Three-dimensional radiation hydrodynamic models would be needed to address this issue (Jiang et al. 2018) .
IMPLICATIONS FOR BLACK HOLE MASSES
Based on the available observational constraints forṀ of massive, luminous stars, we discuss two possible scenarios for the progenitor of massive BHs at high metallicities such as the LB-1 BH. First, if the progenitor of LB-1 evolved from the observed population of WNh stars, it managed to lose mass with a maximum average rate of 1.0 × 10 −5 M yr −1 during its post MS phase. However, this value is lower than the typically observed mass-loss rates of LBVs. It is possible that some single stars might not go through the LBV phase as all and instead evolve as blue hyper-giants with lower massloss rates. A second possibility is that the progenitor evolved from a yet undetected population of ∼ 85 M stars with strong magnetic fields, perhaps originated in a merger event as proposed for O-type stars (Schneider et al. 2019) . Surface magnetic fields could quench mass loss during the MS phase, as has been proposed for lower-mass O-type stars (Petit et al. 2017; Keszthelyi et al. 2019 ) and very massive stars that produce pairinstability SN (Georgy et al. 2017) . The strongly magnetized massive stars scenario could explain the recent claim from Belczynski et al. (2019) that reduced MSṀ are needed for explaining the mass of the LB-1 BH. In this case, the average mass-loss rate during the post-MS LBV phase must be less than 5.0 × 10 −5 M yr −1 . This is still a tight mass budget if we consider that observed luminous LBVs such as AG Carinae have average massloss rates from quiescent stellar winds close to or above this level. Eruptive mass loss that characterizes LBVs would add to the total mass lost.
In this Letter we show that LBVs could be direct progenitors of massive black holes, which require a direct collapse and no SN explosion. This is apparently at odds with the evidence that LBVs are the direct progenitors of some SN events (Smith 2014) . To reconcile these two outcomes, we suggest that massive single stars (or mergers that fully mixed) evolve to have large cores, produce BH progenitors and perhaps avoid the LBV phase, while massive stars which form due to binary interaction (either mergers or mass gainers that do not fully mix Smith & Tombleson 2015) may have smaller cores, larger envelopes, evolve through an LBV phase and could produce a SN event.
